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ABSTRACT

The authors’ previously presented model determines the time to
breakage of window glass exposed to a compartment fire. The physical
and mechanical properties of glass and the history of the compartment
fire are required. Among the mechanical properties of glass, the
breaking stress, o, is the least well known. Here, experiments on 59
plate glass samples using the four-point flexure method are described to
determine the breaking siress distribution. This distribution is described
by a three-parameter cumulative Weibull function, G(o,) =0, for
o, <o, and

Op — U,

Ht
G(o,)=1—exp ( ) for o,=0,
0y

with the parameters m =121, o,=33MPa and o,=358 MPa. A
breaking stress of 40 M Pa (5800 psi) was determined to be a reasonable
value to use in breaking calculations for ordinary window glass. The
breaking patterns of the test specimens suggest that fractures initiate at
edge imperfections rather than at surface flaws. Some experiments to
estimate the heat transfer coefficient inside the compartment and the
emissivity of the hot layer are also described and values are suggested
for use in the model.

NOTATION

a Distance between points of load application in flexure test
b Width of the glass specimen
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Distance between supports in flexure test
Young's modulus

Weibull distribution function

Cumulative Weibull distribution function
Hecat transfer coefficient

Thermal conductivity

Decay length

Thickness of the glass sample

Exponent in Weibull distribution function
Number of specimen

Breaking load

Energy

Shaded length

Temperature

Dummy variable

Volume

Thermal diffusivity

Thermal expansion coefficient

Emissivity

Dimensionless temperature
Dimensionless time

Dimensionless x coordinate

Stress

NCROTZISNTAT QN MO

~
-

g DR <

9%]

ubscripts

Ambient side of glass pane
Compartment side of glass pane
breakage

Characteristic

Initial

Radiation

Stored ia glass

Diffusion in shaded portion
Ambient
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1 INTRODUCTION

A theoretical model has been presented' which incorporates the energy
exchanges between the fire, the window and the ambient, in order to
predict the time to and temperature at breakage of glass windows
exposed to fires. This model uses the following parameters: (1)
thermo-physical and mechanical properties of glass; (2) the outer
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ambient and inner hot gas temperature; (3) the heat transfer coefficient
at the outer and inner glass surfaces; and (4) flame radiation from the
fire, in order to calculate the temperature histories of the glass surfaces.

The ; hysical properties of the particular glass in question and the
ambient tempcrature at the ouwi surface can be determined quite
accurately by standard measurement techniques. The heat transfer
coefficient at the outer glass surface can also be estimated to a
reasonable accuracy. The hot gas temperature and the flame radiation
for a particular compartment fire can be obtained by using a fire
simulation technique, for example, FIRST.> Among the mechanical
properties, the Young’s modulus and the thermal coefficient of expan-
sion can be determined quite accurately.

The estimation of remaining quantities, that is, the breaking stress of
glass, the heat transfer coefficient at the inner surface and emissivity of
the hot layer, is more difficult and is the goal of this paper. In Section 2,
the procedure for estimating the breaking stress of ordinary window
glass is discussed. The experiments conducted for estimating the
breaking stress are described and statistical analysis of the results is
presented. In Section 3, results from some compartment firc experi-
ments are given. While direct measurements are not made, the values
of the heat transfer coefficient at the inner glass surfacc and the
emissivity of the hot layer which provide agreement with these data are
estimated.

2 BREAKING STRESS OF ORDINARY WINDOW GLASS

Glass is a well studied brittle material and yet there is significant
uncertainty in determining its strength.” The mechanical properties of
glass are similar to those of a crystalline solid. Below the breaking limit,
glass is elastic and returns to its original shape after the release of forces
that cause its deformation. The failure of glass is usually from tension.
Glass strength depends strongly upon the treatment and handling of
its surface.” Tiny flaws or cracks on the glass surface lead to weakening
and failure by brittle fracture. There is also a ‘size effect’ on strength.*
As the specimen size is decreased, the average stress at fracture tends
to increase. These observations may be cxplained by noting that all rcal
materials invariably contain a distribution of flaws of varying scverity
such as surface scratches and cracks at grain boundaries. If the material
behavior is predominantly elastic, the high local stresses around such
flaws cannot be relieved appreciably by plastic deformation as they
could be if ductile behavior occurred. Since larger specimens can
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contain more flaws than smaller spcicmens, the probability of a more
severe flaw existing in a brittle material such as glass is higher for a
larger specimen.

By assuming a flaw of a given geometry, and knowing the fracture
toughness values, estimates may be made for the flaw sizes which are
responsible for the observed tensile strength values of glass. However,
it is observed that in materials such as glass and graphite the typical
flaws are too small to be detected by a microscope of resolution
0-1 wm.* Thus, due to the uncertainties involved, a probabilistic rather
than a deterministic approach is needed.

Tensile strength tests are carried out on a number of nearly identical
specimens to obtain a distribution of breaking stress values. The usual
procedure for tensile strength determination of materials is to hold the
sample between two jaws and subject it to uniaxial tension. For a brittle
material like glass, however, the usuz! tensile test is not conducted, as
there is a possibility of breakage at the grips. Hence, a flexure method
is normally used.* A four-point flexure method is uscd here since, in the
large area between the two points of load application, there is a
uniform bending moment which also corresponds to the maximum
stress. Since in most cases breakage occurs in the areca of maximum
stress, the four-point method gives a good estimate of the breaking
stress.

To quantify stati-‘ically the uncertainty in the breaking strength of
glass, it has been shown that the Weibull probability distribution
successfully represents the glass breaking stress data.” In this paper, the
two- and three-parameter Weibull distribution functions are discussed.
The results, along with an error analysis, of a four-point flexure
experiment on ordinary window glass samples (178 mm X 25-4 mm X
2-5mm) are presented. The experimental set-up is described and the
statistical analysis of the results to fit the Weibull distribution® is
conducted. Schematics of broken glass beams for different load ranges
are also included to show the breaking patterns corresponding to
different energy storage levels.

2.1 Experiments

An Instron Universal Testing Instrument was used to determine the
tensile strength of the glass specimens. This instrument incorporates a
highly sensitive weighing system with load cells that use strain gages for
detccting and recording tensile or compressive load. An applied load on
the cell causes a proportional change in the resistance of the strain
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Fig. 1. Schematic diagram of the experimental set-up. Here, ¢=132mm and
a =386 mm.

gages. These gages are arranged in a bridge circuit and excited by a
stabilized oscillator. The resulting signal is amplified, rectified to d.c.
and fed to the pen driving circuit of a null-balance, high speed recorder.
The amplifier circuit also incorporates flexible means for balancing the
load ccu to compensate for varying weights of jaws, fixtures and the
samples themselves.

A fixture with the sample was placed on the load cell of the
instrument to provide a four-point load on the glass beam as shown in
Fig. 1. The sample is thus in contact with two rollers on top of which an
increasing load was applicd from the Instron instrument. The mag-
nitude of the load was detected by the strain gages in the load cell
which transmitted that information to the strip chart recorder. Loading
was stopped when the glass beam broke. Fifty-nine samples were tested
and the results ar¢ explained below.
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Fig. 2. Histogram of thc  breaking  stress of the 59  samples
178 mm X 25-4 mm X 2-5 mm. The strength of majority of the sampics is between 41 and
45 MPa.

2.2 Resuits

From elementary beam theory,” the maximum stress for this four-point
load configuration is:
3P(c —a)

1
2bL° (1)

g, —

Here, o, is the breaking stress; P is the breaking load; ¢ is the distance
between the two simple supports; @ is the distance between the iwo
points of load application; b is the width, and L is the spccimen
thickness. This formula was used to estimate the breaking stress.

Figure 2 shows a histogram of the breaking strength of the 59
samples. A large variation in breaking stress with a minimum value of
36-8 MPa and the maximum value of 128 MPa can be clearly seen. The
high value of breaking stress is possibly duc to the absence of severe
edge flaws on such a small-sized sample.

The largest fractional squared error in determining the breaking
stress of glass using eqn (1) is:

Ao,\° (APY Ac Aa \°  [AbY ALN?
Boy- (3 () () G (T) @
o2 P c—a ¢c—d b L .
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Here, P,;,=36'5N, P,.=137TN, ¢ —a=92-7mm, b =252mm, and
L =2-3mm. The least counts on the various instruments used were:
AP =0-88 N, Ab = AL = 0-025 mm, and Ac = Aa = 1-3 mm, which gives:

Aoul e N

O |min Tp Imin

= 0-04 (3)

Thus, the experimental error in the breaking stress measurement
decreases from 4% to 3% as P increases over the range from 36-5 to
137 N. Since this error is much smaller than the measured breaking
stress range, lne distribution resulting from these measurements is
realistic.

Figure 3(a) shows the schematic of a glass beam, sample no. 34,
which broke at a relatively low load (P =37-4N, o, =38 MPa). Only
one smooth fracture exists. The reason for a single crack is that a low
load corresponds to a low elastic energy and so fewer bonds are broken
in the glass. Figure 3(b) is the schematic of a glass beam (sample no. 39)
which broke at an intermediate load (P =55-6 N, o, =57 MPa). Three
main pieces of the glass are seen. As the elastic energy associated with

(a)

(b)

(©)

Fig. 3. Breaking pattern schematics of samples at different loads. (a) Load =37-4 N,
& = 38 MPa; (b) load = 55-6 N, o, = 57 MPa: (c) load = 137N, o, = 128 MPa.
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this load is increased, more bonds are broken. Figure 3(c) is a schematic
of a glass becam (sample no. 18) which broke at a high load (P = 137N,
o = 128 MPa). The glass has broken into many pieces, due to the large
amount of clastic energy stored prior to breakage. Observation of the
cross-section of a glass beam breaking at a low load showed that the
fracture was conchoidal and originated at an edge. It would appear to
be a safe assumption that all fractures obtained in these expcriments
were edge originated.

2.3 Weibull distribution parameters

When a large number of specimens are tested and a histogram of the
breaking stress, o, 18 obtained for small intervals, a continuous curve
can be drawn as shown in Fig. 4(a). Then, by scaling the ordinate such
that the arca under this curve is unity, the probability density function
g(c.) is obtained as shown in Fig. 4(b). The density function, g(u),
shows the relative frequency with which different values of strength are
observed. The shaded area in Fig. 4(b) represents the probability that a
specimen will have a strength between zero and infinity. Then, the
probability, G (o), that a specimen will fail at a stress level less than or
equal to o, is the area under . .c¢ g(o,) curve from zero (0 . Thus, the
cumulative distribution function, G(o), shown schematically in Fig.
4(c) and which will be used here, is given by:

G(oy) = J"hg(a') do’ (4)

)
The general form of the cumulative Weibull distribution function is:
G(Uh) =1- Cf‘b("h)dvlw, (5)

where o, is the breaking stress; ¢ is some function of o,; V is the
volume (or arca) of the sample; and V, is some characteristic volume
(or area). Weibull” arrived at this formula by applying a series model to
the flaws. The scries model® simply states that the strength of the
sample is the strength of the weakest unit making up the sample.
Weibull® initially chose ¢ (o) = (on/0)" as a simple empirical expres-
sion which fitted experimental data representing the breaking stress of
glass as a Weibull function. The parameters which characterize the
two-parameter Weibull distribution function are #1 and .

A limitation of the simple two-parameter Weibull distribution is that
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Fig. 4. (a) Schematic histogram of breaking stress. (b) Schematic probability density
function evaluated from the histogram of Fig. 4(a). (c) Schematic cumulative distribu-
tion function evaluated from Fig. 4(b).

it predicts a small but finite probability of failure at low stresses. To
provide a more realistic distribution, Weibull® proposed a three-
parameter distribution with ¢ (o) = [(o, — gl

G(oy) =1 —e Jtmm oo v, 0, > 0y
(6)
0, on=0,
The additional parameter, o, is often referred to as the zero strength
or the lowest strength of specimens of size V. The parameters m, o and
o, are obtained by fitting the experimentally obtained values of
breaking stress to the Weibull functions as explained below. It is
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Fig. 5. Cumulative distribution [unction of the experimental breaking stress along with
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tion function shown here is clearly a good fit. The error bars indicate the 3-4%
experimental crror.

assumed here that the breaking stresses do not depend on the volume
and V; is assumed to be equal to the total volume of the specimen. This
eliminates the integral in eqn (6) to give the three-parameter distribu-
tion stated in the abstract.

The values of strength obtained froni all the N observations are
arranged in an increasing order j=1,2--- N, where o, = o, ,. Since
there are a limited number of observations, it is practical (o plot the
cumulative distribution function, G(o ), directly as a function of o, as
shown in Fig. 5. The ordinate, however, cannot be simply j/N as that
would imply that the strongest, corresponding to a probability of 1, of
all possible specimens was present in the limited samplings. Expressions
such as:

G(ou) =j/(N+ 1) (7)
or:
G(oy) = —0:3)/(N +0-4) (8)

are commonly used” which do not indicate that either the strongest or
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weakest of all possible specimens were present in the sampling. The
first is the mean value of probability corresponding to the jth
observation. The second expression is a close approximation to median
plotting position, that is, half of the jth observations are above and half
are below o,,. Here, the mean rank is chosen so that G =j/(N + 1).
For a specimen volume V in the case of pure tension, or specimen
area V in the case of uniform tension in flexure, the value of m is
obtained as follows. Taking the logarithm of eqn (5) for the two-
parameter function assuming no volumetric dependence gives:

In - ((rh/()'(,)'”V/V(, (9)

1-G

Substituting eqn (7) for G and taking the logarithm once again gives:

N+1
Inln (——) =mlno,—mlno,+InV —InV, (10)
N+1—j

Thus, the slope of a plot of Inln[(N + 1)/(N +1—j)] versus Inao,, is
equal to m. For the three-parameter distribution, the term m In oy, 1s
replaced by m In(o, — o,). Since o, is not known, trial values are
chosen and the one for which a plot of Inln [(N + 1)/(N + 1 —j)] versus
In (o, — o) best fits a straight line is selected.

From a plot for the two-parameter Weibull distribution for our
samples, the values of m obtained was 3-20 and the value of o,
obtained was 74-1 MPa with V =V,. The coefficient of determination®
for this fit was 0-86 indicating that the fit is reasonable as shown in Fig.
5. For the three-parameter Weibull distribution, the value of o, which
gave the best fit was 35-8 MPa. The value of m obtained from this plot
was 1:21; the value of o, was 33-0MPa with V =V, Here the
coefficient of determination was 0-99, a much better fit as indicated in
any other experimental data for comparison. Figure 5 shows a plot of
G(o,) versus oy, for the experiments along with error bars and two- and
three-parameter Weibull fits for the parameters given in Table 1. From
the three-parameter Weibull distribution function, it is clear that a

TABLE 1
Parameters for Two- and Three-Parameter Weibull Distribution Functions
Weibull function m o, (MPa) o, (MPa)
Two-parameter 3-20 741 —

Three-parameter 1-21 33-0 35-8
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value of 40MPa for ¢, would be conservative estimate and is
recommended for calculations.

3 GLASS HEATING EXPERIMENTS IN COMPARTMENT
FiRES

In this scction, the results of experiments on glass breaking in
compartment fires conducted at the Virginia Polytechnic Institute and
State University’ are evaluated and the variation of the heat transfer
coefficient at the inner glass surface, /1,, and the emissivity of the hot
gas layer, ¢,,, are estimated. Some compartment fire experiments at the
University of California Richmond Field Station are also described."’

3.1 Experiments at the Virginia polytechnic Institute and State
University

In this experimental study,” liquid hexane, contained in pans of
different sizes, was ignited in the center of a compartment of dimen-
sions  1'S2m X 1-22mX0-99m.  This  compartment had a
0:36 m X (0-56 m aluminum frame on one of the walls, in which a
0-28m X 0-51 m glass window of thickness 2-4 mm was installed. The
glass was cut by hand with a scribe and the edges were not ground in
any way. The pan sizes, 0-3mX02m, 0-2mX02m and 0-2m
(diameter) were much smaller than the compartment size. Since the fire
was small, heating of the window was slow and was dominated by
convection from hot upper layer gases. Higher than actual temperatures
may have been read by the thermocouples on the glass because of
radiative heating,.

Glass breakage times were reported for two sets of experiments. In
the first set, the window had shaded edges. The insulation used was
9-5-mm-wide cellular rubber weather stripping. The window was held in
place against the weather stripping by metal washers. In these experi-
ments, the time history of the temperatures at the central inner surface
and on the shaded edges of the glass and the breakage time were
recorded for different pan fires. The gas temperature was not measured.
In the second sct, the windows were held fixed by reversible washers
against the frame and did not have shaded cdges: the windows were
fully exposed to the fires. Only the gas temperature and the tempera-
ture of the inner glass surface were measured as a function of time in
the second set.

Since there was no run in which the gas and glass temperatures and
the breaking time were given for the same fire, exact comparisons are
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Fig. 6a. Comparison of experimental’ inner glass surface temperaturc with the
predicted values for a 0-3m X 0-2m pan fire (test no. 1). The last experimental point
and the cross on the theoretical prediction indicate breakage.

not possible. However, the hot layer temperature histories arising from
fires in pans of same size are expected to be similar. Using average gas
temperatures calculated from their data for pan fires of same sizes in
BREAK.,' variations of /1, and &,. were chosen for which the breaking
times matched. The radiative flux function, j(7), was set cqual to zero
since the pan fires were small. The material propertics used in the
calculations’ were o,=47MPa, B =3-6xX10"°K"' and E =70GPa.
The heat transfer coefficient on the outside, h,, was set equal to
10W/m2-K, k=076 W/m-K, a =3:6x107"m’/s and /=1mm. The
other inputs used here were L =2-4mm, s =9-5mm and H = 0-14 m.
Figures 6a and 6b show the comparisons of the experimental and
predicted inner glass surface temperatures for a 0-3m X 0-2m pan fire
and a 0-2m X 0-2m pan fire, respectively. The experimental values of
the temperatures were higher (~10%) probably due to the absorption
of radiation by the thermocouples. For 0-:3m X 0-2m pan fires, the
reported breaking times were 55, 56 and 48 s. Taking /1, = 10 W/m*-K at
t =0 and increasing linearly with time to 40 W/m*-K at =60s and
emissivity, €,., as 0-1 at t=0 and also increasing linearly to 0-9 at
t =100s for the same size pan fire, the breaking time predicted by
BREAKI is 54s which gives good agreement with the experimental
average of 53s. At that time, the average dimensionless surface
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Fig. 6b. Comparison of experimental inner glass surface t-mperature with the
predicted values for a 0-2m X 0-2m pan fire (test no. 4). The last cxperimental point
and the cross on the theoretical prediction indicate breakage.

temperature 9 = 1-04, the dimensionless breaking time 7, =338, the
hot gas temperature 1o, =720 K, the heat transfer coefficient of the hot
side /1, = 37 W/m*K, and the emissivity of the hot gas £, = 0-6. For the
0-2 m square pan fires, the reported breaking times were 100, 112 and
109 s. Taking /1, as 10 W/m™-K at ¢ =« 1 again increasingly linearly to
40 W/m?-K at 200s and €., as 0-1 at 1 =0 and increasing linearly to 0-9
at +=500s, gives a predicted breaking time of 96s in reasonable
agreement with the experimental average of 107s. At this time,
=105 1,=6:06, T., =651 K, l1, =24 W/mK and €,. = 0-18. Figures
7a and 7b show the heat flow and energy storage histories for the
experiments described in Figs 6a and 6b, respectively.

The choice of a linear ramp for i, and €,. was made considering that
at £ = 0 the heat transfer to the glass is by natural convection of cooler
gases, while at longer times, as the gas temperature increases, the heat
transfer is by turbulent convection forced by the firc plume. The
emissivity of the ha' layer is low at early time because the hot layer
thickness is small. The emissivity increases with time because of
increased soot, products and pyrolyzates in the hot layer. The agree-
ment between the experimental and predicted time to breakage is good
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Fig. 8. Schematic diagram of the experimental backdraft chamber in the Fire Research
Laboratory at the Richmond Field Station of the University of California at Berkeley.
described in Ref. 10.

for both pan fires for the chosen variations of the heat transfer
coefficient and emissivity of hot layer. Similar variations are used to
compare glass temperatures in the next section.

3.2 Experiments at the University of California Riciimond Field
Station

Additional experiments were performed in a test chamber designed by
Fleischmann' and used for backdraft experiments. Figure 8 shows the
schematic diagram of the experimental chamber. The internal dimen-
sions of the test chamber were 1:2m wide, 1-2m high and 2-4 m long.
The walls were constructed with two layers of 16 mm Type X, fire rated,
gypsum wall board to provide structural strength and 51 mm refractory
fiber blanket for fire resistance.

Due to the explosive nature of backdrafts, onc of the 1-2mX2-4m
walls was hinged at the bottom and made to open to relieve pressure
greater than 965 Pa. In the other 1-:2m X 2-4m wall, a 0-9-m-high and
1-5-m-wide window was installed. The glass in the observation window
was made of Neoceram,'? a clear ceramic with a negative expansion
coefficient at low temperatures enabling it to resist temperatures up to
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800 °C. Using a heat resistant glass rather than ordinary window glass
should not affect the heat transfer coefficient. Knowledge of the glass
surface temperature history then allows estimation of the heat transfer
coefficient in the fire environment.

The plass surface temperatures were measured by K-type Chromel-
Alumel ‘Stikon’ thermocouples made from 0-25 mm Teflon covered
leads. Other thermocouples were also attached to the glass with Omega
CC high temperature sodium silicate cement. The gas temperatures
were measured by the K-type thermocouples made from 0-5mm
chromel-alumel thermocouple wire. An Autodata Ten/5 Calculating
Data Acquisition System was used with the thermocouples. It is a
medium speed, high r¢ ution data acquisition system designed for use
in harsh or laboratory environments. Signal input modules of this
system accept direct inputs from thermocouples.

The experiments were conducted using a 0-3 m square sand burner
with natural gas as fucl. The chamber was filled with fuel at a gas flow
rate corresponding to an energy release rate of approximately 150 kW.
A small vent, 25mm high by 300mm long was placed in one
1-2m X 1-2m wall near the floor to allow a little ventilation to mimic
leakage in full-scale compartments. The fuel was ignited with a spark.
The constant fuel flow was shut off after 3 min.

An initial attempt at finding /,(¢) is shown in Fig. 9a. It is clear that
the thermocouple supposedly measuring the inner glass surface tem-
perature tracks the gas temperature quite closely. There is also a
significant temperature difference between inner and outer surfaces. In
two other experiments, similar results were obtained. Using the gas
temperature variation as an input ficld and other parameters
L=63mm, h=10W/m*-K, k=137W/m-K, « =6-87 X 107" m?/s,
[=1mm, v, =392 MPa, £ =68-6 GPa and 8 =3-6 X 1077 K" as inputs
to BREAKI," the algorithm for window glass breaking in compartment
fires, the value of /1, is estimated. For these experiments, an unrealisti-
cally high value for /i, of the order of 1000 W/m*-K, was required to
get agreement between the calculated and the apparent measured value
of the inner surface temperature. The outer glass surface temperature
agreement was poor. This led to the conclusion that the glass
thermocouple was probably detached and not detecting the surface
temperature but rather was reading the gas temperature. The ‘Stikon’
thermocouples, applied to the glass surface, had an operating range of
—73 to 260 °C. Since the mecasured gas temperatures were higher than
that limit, the cement failed to keep the thermocouple attached to the
glass surface. Omega CC sodium silicate cement with a capability of
resisting as high as 830°C was later used but it fused with the glass,
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Fig. 9a. Experimental histories of the hot layer temperature, the “Stikon’ thermo-

couple temperature and the outer glass temperature' and predicted values of the inner

and outer surface temperatures, using an unrealistically high /1, in an attempt to match

the *Stikon' thermocouple as if it were the glass inner surface temperature. The peak at
~3 min is the backdraft.

causing small picces of glass to adhere to the cement when the glass
cooled which came off during cleaning, thus leaving chips in the glass
surface.

However, using the variation of /1, and ¢,. estimated from the
Virginia Polytechnic Institute experiments, with the gas temperatures
measured in ihese experiments, the temperature of the outer glass
surface could be predicted and compared with data. Figure 9b shows
the comparison for one experiment, along with the predicted inner
surface glass temperatures. Here, as in Section 3.1, /1, is assumed to be
10 W/m?-K at ¢t =0 and to rise linearly to 40 W/M*-K at 60s. The
emissivity of the hot layer, ¢,,, was assumed to be 0-1 at =0 and to
rise linearly to 0-9 at 240s. The agreement between the experimental
and predicted outer surface temperatures is good. Figure 9¢ shows the
heat flow and energy storage histories for the experiment described in
Figs 9a and 9b. The oxygen in the compartment is sufficiently depleted
within 60s to effectively extinguish the flame, creating the unusual
decrease in the energy storage rate.
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Fig. 9b. Experimental historics of the hot layer temperature and the glass outer

temperature' and predicted values of the inner and outer surfacce temperatures using

the same linear ramps for /i, and &, as in the Virginia Polytechnic Institute (VPI)
experiments.

4 CONCLUSIONS

To estimate the breaking stress of ordinary window glass, the distribution
of the breaking stress of glass beams (i/8 mm X 25-4 mm X2-5mm)
is determined using the four-point-bending mcthod. The results indicate
that there is a large variation in the breaking strength of glass of nearly
identical specimens. The lowest value observed for breaking stress is
36:5MPa and the highest value is 128 MPa. The breaking stress
distribution is well represented by a three-parameter Weibull distribu-
tion with m = 1-21, o,=32-9 MPa and o, = 35-8 MPa.

Different patterns are observed for glass breaking at different loads:
glass samples with a higher strength broke into many small pieces due
to the elastic energy associated with the higher breaking stress
(o, > 100 MPa), while lower load (o, <40 MPa) samples broke clearly
in a single iracture. Observation of the cross-sections of the broken
specimens indicates that in most samples, the fracture initiates at an
edge and is conchoidal in nature.

The heat transfer coefficient at the inner glass surface, /1,, and the
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Fig. 9c. Predicted evolution of the magnitude of the various cnergy flow and storage

terms for the University of California at Berkeley Richmond Field Station experiment
shown in Figs 9a and 9b. This firc was quenched in the first minute by lack of oxygen.

emissivity of the hot gas layer, €.., were estimated using data from glass
breaking’ and backdraft' cxperiments. A linear history for the heat
transfer coefficient inside the fire compartment and a linear history for
the cmissivity of the hot layer gave good agreement with experimenial
glass temperatures.
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